We have employed the quartz-crystal microbalance technique to measure the sliding friction of krypton films physisorbed on gold. By slowly increasing the amplitude of the substrate oscillations, we have observed a sharp transition from a film locked to the substrate to a sliding one. This transistion is characterized by hysteresis both in dissipation and inertial mass as the amplitude is decreased. Finally, the dependence of this transition on film coverage has been studied in some detail.
We have employed the quartz-crystal microbalance technique to measure the sliding friction of krypton films physisorbed on gold. By slowly increasing the amplitude of the substrate oscillations, we have observed a sharp transition from a film locked to the substrate to a sliding one. This transistion is characterized by hysteresis both in dissipation and inertial mass as the amplitude is decreased. Finally, the dependence of this transition on film coverage has been studied in some detail. DOI Nanotribology is a novel research field dealing with the friction associated with the motion of nanoscale objects on a surface [1] . In recent years, it has experienced significant growth thanks to considerable improvements in both experimental techniques, such as atomic force microscope [2] , surface force apparatus (SFA) [3] , and quartzcrystal microbalance (QCM) [4] , and computational methods [5] .
Hereafter, we deal with the QCM technique, which has been successfully introduced to the study of nanofriction by Krim and co-workers [4] , who have measured the interfacial viscosity of various thin films physisorbed on metals [6, 7] . In these studies it was always observed sliding of the adsorbed film with no evidence of static friction. Similar viscous friction behavior has been reported in the shear response to an applied air stress of molecularly thin complex liquids deposited on a silicon surface [8] . More recently, the QCM has been applied to investigate the nanofriction of various monolayers on lead substrates across the superconducting transition, yielding different results. In particular, Dayo et al. [9] found again the viscous friction of a N 2 bilayer with a sharp drop in the interfacial viscosity at the superconducting temperature. In contrast, Renner et al. always observed pinning of the N 2 film even at high driving amplitudes [10] . Finally, Mason et al. could sometimes observe pinning, but only after cooling of the sample [11] .
The sensor of the QCM technique is a thin quartz disk that, at resonance, has its two opposite faces oscillating in a transverse shear motion. To drive the crystal, an ac voltage with frequency equal to that of the mechanical resonance is applied across the two gold electrodes evaporated on its principal faces. The quartz plate presents a series of resonances equal to odd multiples of the fundamental one. Because the quality factors of these modes are usually very large, of the order of 10 5 , the QCM is a very sensitive probe of interfacial phenomena. A change in the inertia of the sensor, caused, for example, by the condensation of a film on the electrodes, gives rise to a shift in the resonance frequency of the normal modes, making it possible to quantify the mass of the adsorbate. Any dissipation taking place in the combined system quartz-crystal-adsorbed film-bulk vapor is instead detected by a decrease in the corresponding resonance amplitude.
The case characterized by slippage at the film-solid boundary has first been studied by Krim and co-workers [12] . More recently, we have extended this analysis to finite values of the bulk vapor pressure in equilibrium with the film [13] . Common to both these theories is the determination of a so-called slip time, t s , from the measured frequency and amplitude shifts of the QCM. It represents the time required for the adsorbed film speed to decay to 1͞e of its initial value after the oscillating substrate has been put to rest in the absence of a bulk vapor. It varies from 0, for a film rigidly locked to the substrate, to`in the case of a superfluid.
In this Letter, we report the results of a systematic analysis of the dependence of t s on the oscillating amplitude A of the electrodes measured for the first three resonance modes of the quartz plate. These data refer to Kr films adsorbed on gold at the temperature of 85 K and they show a sharp depinning transition accompanied by a pronounced hysteresis loop. The same system was first studied by Krim and co-workers with a QCM driven at its fundamental mode with amplitudes approximately 10 times larger than those employed in our work [6] .
Our data have been taken with an AT-cut quartz crystal having a fundamental resonance frequency of about 6 MHz and a quality factor Q, in vacuum, near 10 5 . The Q factors of the third and fifth overtones are instead close to 2 3 10
5 . Details about the data acquisition and analysis procedures and about the driving circuit of the QCM are given elsewhere [13, 14] . The QCM is installed in a double-wall copper cell to reduce thermal gradients, which is housed in a homemade liquid nitrogen cryostat. The chamber temperature is controlled at 85 K with a stability better than 1 mK. To allow fast pumping, the cell is connected to the turbomolecular pump through a line composed of a short stainless steel tube ͓inner diameter ͑I.D.͒ 10 mm, length 15 cm͔ inside the cryostat, and a fat flexible tube ͑I.D. guaranteed by mechanical contacts. Neither silver paint nor other epoxies are used inside the sample cell. A heater made up of bare resistive wire is wrapped around the holder. This is suspended inside the sample cell by means of a short stainless steel tube. It is then possible to heat the crystal in vacuum up to 300 ± C with the cell walls kept below 60 ± C. All the data reported below have been taken after a fast cool down of the sample cell to 85 K, following an outgassing of the QCM at about 300 ± C for 24 h. To reduce contamination of the gold surface, the quartz crystal is always kept at a temperature above that of the sample cell walls by passing a small current through the QCM heater during the entire process. Figure 1 shows five isotherms acquired by admitting Kr gas into the chamber up to its vapor pressure ͑ϳ8.5 Torr͒; every point refers to an equilibrium condition. The vertical axis represents the slip time calculated from the measured frequency and amplitude changes of the QCM with the formulas reported in [13] . The coverage has instead been deduced from the QCM response considering an areal mass density of 0.066 atoms͞Å 2 for the completion of a Kr monolayer [6] . This means that the adsorption of a complete monolayer causes a frequency shift of about 15 Hz in the fundamental mode. The five isotherms refer to different oscillation amplitudes A of the gold electrodes. The values reported in the figure have been determined from the voltage applied to the quartz crystal in vacuum by using a piezoelectric model [15] , recently verified in a scanning tunneling microscopy study [16] . According to this theory, the amplitude of surface oscillations is proportional to A~Q V n 2 ,where V is the applied voltage, Q is the quality factor of the resonance mode, and n 1, 3, 5 . . . is the corresponding order. Given the small variations of the Q factor of the QCM after exposure to Kr gas (less than 1%), the calculated values of the electrode displacements practically do not change during the measurements. Therefore, the curves in the figure have been taken by driving the fundamental mode of the QCM at different voltages. The isothermal scans show the existence of a steplike transition separating a low-coverage region, characterized by slippage at the solid-fluid boundary, from a highcoverage region where the film, within our resolution, is locked to the oscillating electrodes. This transition is found to occur at different coverages depending on the value of A. Furthermore, for A # 1.8 Å the film always moves rigidly with the substrate (our data involve coverages of greater than 0.2 layers, maybe t s . 0 for lower coverages), while for A $ 4.0 Å it slides, and the slip time decays continuously to zero as the film thickens. In any case, t s ഠ 0 for coverages above 1.3 layers.
We point out that, in the sliding region, the slip times we have measured are similar (within a factor of 2) to those reported by Krim et al. for the same system and in the same temperature region [6] . Analogously, the velocity dependence of t s is in agreement with that previously reported [6] . Our data, however, do not show any features close to monolayer completion similar to those found by the same authors. Such discrepancies are likely to be caused by the somewhat poorer quality of our gold surface. Finally, the voltage V out , corresponding to the amplified signal of the QCM resonance curve, decreases linearly with the film coverage, as shown in the inset of Fig. 1 . For clarity reasons, only the data taken at the largest amplitude are reported. This may suggest that the dissipation is proportional to the area of the 2D islands of Kr covering the electrode surface [17] .
To better characterize this dynamic transition, we have also analyzed the dependence of t s on A at fixed coverages. Figure 2 shows the results obtained at about 0.2, 0.4, and 0.7 layers by varying the applied voltage in 1 mV steps. Higher coverages have not been deeply investigated since they are characterized by negligible sliding. At low A, the film is always locked to the gold substrate, but sliding can be abruptly induced by increasing the amplitude above a characteristic threshold value, A c1 . By further raising A, there is no dramatic change in the slip time, and t s agrees well with that reported in Fig. 1 at the same coverage. When the applied voltage is decreased, sliding is observed even for A , A c1 , and the film suddenly stops sliding at a smaller amplitude A c2 , revealing hysteretic behavior. We point out that the transition amplitude increases with coverage, but the width of the hysteresis loop remains practically the same, about 1 Å. Dynamical phase transitions in adsorbed monolayers have been recently seen in computer simulations based on the Langevin equation of a model system of Xe on Ag(100) [18] . In particular, first order transitions with associated large hysteresis loops have been found in the dynamical response of the monolayer as a function of the driving force. Transitions during uniform sliding to an ultralow friction state when the sliding velocity increases above a critical value have also been observed with the SFA using surfactant-coated mica surfaces [19] . This nonlinear behavior in the slip time is always associated with a sudden change in the inertial mass of the film, as shown in Fig. 3 . The quantity Df represents the difference between the QCM frequency measured in the presence of a Kr film and that with the bare electrodes surface. In other words, Df is proportional to the inertial mass of the adsorbed film. The data refer to a coverage of 0.2 layers. They clearly indicate that in correspondence to A c1 , the frequency of the resonator jumps up, suggesting a partial decoupling of the film from the oscillator, and this phenomenon is hysteretic as that previously described. In fact, when t s becomes zero at A c2 , the frequency goes back to its initial value, as expected for a film rigidly coupled to the substrate. Similar results have been obtained for all the investigated thicknesses. The only difference consists of the amount of the frequency jump, which is found to vary between 0.3 and 0.8 Hz depending on the variation in t s : the greater Dt s the more pronounced the mass decoupling. The small oscillations in the frequency are simply related to our experimental resolution of 60.05 Hz. An interesting test of the connection between sliding friction and the amplitude of oscillations comes from the analysis of the QCM overtones. In particular, we have analyzed the third and fifth overtones. If the driving voltage and the Q factor remain the same, it is expected that A ϳ 1͞n 2 [15] . For our experimental conditions, the oscillation amplitudes of the first three modes are estimated to be 3.5, 1.3, and 0.5 Å, respectively, at 6, 18, and 30 MHz. Figure 4 shows the dependence of the slip time on film coverage measured following the first three resonance modes. To reduce contamination effects as much as possible, these data have been taken by locking the circuit onto the three quartz resonances after each Kr dose was admitted into the sample cell. The fundamental mode displays the characteristic jump we have already described, while the two higher modes do not show any sliding. No slippage is instead observed at 18 and 30 MHz probably because the corresponding amplitudes are too small. In fact, with our current setup we cannot induce a sliding transition with the overtones. For example, the maximum amplitude of the third mode we can investigate is about 1.4 Å, otherwise the amplifier works in saturation conditions.
Finally, we would like to comment on the data reproducibility, a key aspect in these studies. We have been able to reproduce this dynamic transition many times, separated by several days and cooldowns. However, we could achieve this result only after outgassing the QCM to 300 ± C for about one day followed by a quick cooldown of the sample cell to 85 K. Data relative to the crystal exposed to air and then outgassed at lower temperatures, or cooled without passing a current in the quartz heater, have shown less sliding ͑t s 6 2 ns͒ and a more broadened dependence on A at the first mode, without any presence of a steplike transition in the isothermal scans. As before, no sliding is instead observed following the higher modes. In other words, we can observe the dynamical transitions only on clean gold surfaces. We do not have any specific tool to characterize the morphology of the electrode surfaces in situ. However, low temperature vapor pressure adsorption isotherms of Xe and Kr, taken after the mentioned cleaning procedure, are characterized by steps similar, albeit more rounded, to those reported in the literature [20] . These features disappear after exposing the crystal to air.
In conclusion, we have observed nonlinear behavior in the sliding friction of Kr monolayers physisorbed on gold. In particular, we have usually found sliding at small film coverages and no slippage at higher film thicknesses. A steplike transition separates these two regimes. Sliding can also be induced by increasing the oscillation amplitude. This transition is first-order -like and is accompanied by hysteresis. Similar behavior has also been observed with Xe.
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